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The high-multiplicity pp collisions at the Large Hadron Collider energies with various heavy-
ion-like signatures have warranted a deeper understanding of the underlying physics and particle
production mechanisms. As an effort to have better understanding in this direction, we attempt to
study the event shape and multiplicity dependence of specific heat capacity, conformal symmetry
breaking measure (CSBM) and speed of sound in pp collisions at
√
s = 13 TeV using PYTHIA8
event generator in Monash 2013 tune. The observables show a clear dependence on event multiplicity
and event topology. A threshold in the particle production, 〈dNch/dη〉 ' (10-20) in the final state
multiplicity emerges out from the present study, confirming some of the earlier findings in this
direction.
PACS numbers:
I. INTRODUCTION
To reveal the nature of the Quantum Chromodynamics
(QCD) phase transition and to get a glimpse of how mat-
ter behaves at extreme conditions of temperature and en-
ergy density, experiments like Relativistic Heavy Ion Col-
lider (RHIC) at BNL, USA and Large Hadron Collider
(LHC) at CERN, Geneva, Switzerland have got prime
importance. A deconfined state of quarks and gluons,
also known as Quark Gluon Plasma (QGP), is believed
to be produced for very short lifetime in heavy-ion colli-
sions in these experiments. In the QGP phase, the rel-
evant degrees of freedom are quarks and gluons rather
than mesons and baryons, which are confined color neu-
tral states [1]. In a baffling development, the experi-
ments at LHC discovered QGP-like properties such as
strangeness enhancement [2], double-ridge structure [3]
etc. in smaller collision systems like pp and p-Pb colli-
sions. These developments have important consequences
on the results obtained from heavy-ion collisions as pp
collisions so far have been used as a benchmark for heavy-
ion collisions to understand a possible medium formation.
To properly characterise QGP-like properties and to un-
derstand origin of such observations in small systems, a
comprehensive understanding should be made on the na-
ture of the medium formation by constituents whose in-
teractions are governed by QCD. Ideally, the QCD ther-
modynamics can be specified by temperature (T) and
chemical potential (µ). The phase transition to QGP is
normally characterized using transformation of thermo-
dynamic quantities such as pressure, entropy and energy
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density. Also, it can be characterized using a set of re-
sponse functions like, specific heat, isothermal compress-
ibility, speed of sound etc. with change in temperature
and chemical potential [4]. As an effort to have a better
understanding in this direction, we attempt to study the
event shape and multiplicity dependence of specific heat
capacity, conformal symmetry breaking measure (CSBM)
and speed of sound in pp collisions at
√
s = 13 TeV using
PYTHIA8 [5], one of the widely used event generators in
the LHC era.
The specific heat (CV ) is estimated via temperature
fluctuations, which characterizes the equation of the state
of the system. The specific heat is expected to diverge
near the critical point for a system undergoing a phase
transition. The conformal symmetry breaking measure
or trace anomaly plays an important role for QCD dy-
namics and phase transition. The speed of sound (cs)
is used to quantify the softest point of the phase tran-
sition along with the location of the critical point [6].
To describe the particle production mechanism and the
QCD thermodynamics, the statistical models are more
useful due to high multiplicities produced in high-energy
collisions. Recently, it has been seen that the experi-
mental particle spectra in high-energy hadronic collisions
are successfully explained by Tsallis non-extensive statis-
tics [7–15]. Earlier, Tsallis non-extensive statistics has
been used as initial distribution in Boltzmann Transport
Equation to calculate the elliptic flow and nuclear mod-
ification factor in heavy-ion collisions [16–18]. Although
there are different variants of Tsallis distribution func-
tion, we choose to use a thermodynamically consistent
form of Tsallis non-extensive statistical distribution func-
tion [19], which nicely describes the pT-spectra in LHC
pp collisions to calculate the specific heat, CSBM and
speed of sound for small collision systems. Recently, the
variations of these thermodynamic quantities are stud-
ied in comparison to experimental data [20]. However, in
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2view of the production dynamics dependent event topol-
ogy, it is worth making a comprehensive study using one
of the topological observable, i.e. transverse spherocity.
FIG. 1: (Color Online) Schematics of jetty and isotropic
events in the transverse plane (xy-plane).
Particle production dynamics in high-energy physics
has got two domains, namely the hard pQCD sector and
the soft physics domain, which are not necessarily having
a sharp boundary. The hard pQCD sector corresponds
to high-pT transfer processes, whereas the soft domain
is governed by low-pT. The soft sector event topology is
isotropic in nature, while the hard or the jet and mini-jet
dominated sector is pencil-like. With high-multiplicity
events at the LHC in pp collisions and the observation of
heavy-ion-like features, it has become a necessity to look
into event shape and multiplicity dependence of various
observables and system thermodynamics. In order to do
that, transverse spherocity (S0) is one of the event-shape
observables which has given a new direction for under-
lying events in pp collisions to have further differential
study along with charged particle multiplicity as an event
classifier. Recent studies on transverse spherocity at the
LHC suggest that, using event shape one can separate the
jetty and isotropic events from the average shaped events
[22, 23, 39]. Recently, the chemical and kinetic freeze-out
scenario and system thermodynamics are studied using
event shape and multiplicity in pp collisions at
√
s = 13
TeV using PYTHIA8 event generator [24–26]. These are
some of the efforts to understand the underlying produc-
tion dynamics and thus paving a way for further exper-
imental investigations in the direction of possible search
for QGP-droplets in small collision systems [27, 28]. For
the present analysis, we use the values of temperature
and non-extensive parameter, q obtained from Ref. [24],
where identified particle spectra are well described by
experimentally motivated and thermodynamically con-
sistent Tsallis distribution function.
The paper is organized as follows. In section 2, the
detailed formalism for specific heat, conformal symmetry
breaking measure and speed of sound in non-extensive
statistics is introduced. In third section, the details of
event generation and analysis methodology are discussed.
The next section presents the results and discussions. Fi-
nally, in the last section we summarize our findings of this
investigation.
II. FORMALISM
For a thermodynamic system at temperature (T ), vol-
ume (V ), entropy density (s), heat capacity (CV ) and
squared speed of sound (c2s) can be written as
s =
(
∂P
∂T
)
V
, (1)
CV =
(
∂
∂T
)
V
, (2)
c2s =
(
s
CV
)
V
. (3)
Here, we consider zero chemical potential as it is obvi-
ous for LHC energies.  and P are the energy density
and pressure, respectively. At kinetic freeze-out, the mo-
mentum distribution of the final state particles is frozen.
Thus, these thermodynamical quantities could be esti-
mated from the moments of the momentum distribu-
tion. As mentioned before, it is now established from
RHIC to the LHC energies, the particle pT spectra are
well explained by Tsallis non-extensive statistics. By fit-
ting Tsallis distribution function to pT spectra of identi-
fied particles produced in pp collisions, one can extract
thermodynamical parameters- temperature (T ) and non-
extensive parameter (q) for the system when final state
particles decouple from the system and are detected by
the detectors. Then, using these T and q, one can cal-
culate all the above quantities obtained using thermody-
namically consistent Tsallis distribution function, which
is given by [29],
fT (E) ≡ 1
expq(
E−µ
T )
(4)
where,
expq(α) =
{
[1 + (q − 1)α] 1q−1 if α > 0
[1 + (1− q)α] 1q−1 if α ≤ 0 (5)
Here, α = (E−µ)/T and for the LHC energies, the par-
ticle and antiparticle symmetry makes the baryochemical
potential of the system, µ = 0. It is to be emphasized
that the variable T appearing in this formalism obeys the
basic and fundamental thermodynamic relations like (as
well as Maxwell’s thermodynamic relations)
T =
∂U
∂S
∣∣∣∣
N,V
, (6)
3where, U is the internal thermal energy and hence, the
parameter T can be called a temperature, even though a
system obeys Tsallis and not Boltzmann-Gibbs statistics.
Using the above distribution function, the mathematical
form for the energy density (), pressure (P), heat capac-
ity (CV ), conformal symmetry breaking (
−3P
T 4 ), squared
speed of sound (c2s) are:
 =
g
2pi2
∫
dp p2E ×
[
1 +
(q − 1)E
T
] −q
q−1
, (7)
P =
g
2pi2
∫
dp p4
3E
×
[
1 +
(q − 1)E
T
] −q
q−1
, (8)
CV =
gq
2pi2T 2
∫
dp p2E ×
[
1 +
(q − 1)E
T
] 1−2q
q−1
, (9)
− 3P
T 4
=
g
2pi2T 4
∫
dp p2E ×
[
1− p
2
E2
]
×
[
1 +
(q − 1)E
T
] −q
q−1
,
(10)
c2s =
gq
6pi2T 2
∫
dp p4 × [1 + (q−1)ET ] 1−2qq−1
CV
. (11)
Here, g is the degeneracy factor and E is the energy of the
particle given by,
√
p2 +m2, where p is the momentum
and m is the rest mass of the particle.
III. EVENT GENERATION AND ANALYSIS
METHODOLOGY
For this analysis, PYTHIA8 event generator is used to
simulate ultra-relativistic pp collisions. It is a blend of
many physics/theoretical models relevant for physics like
parton distributions, hard and soft interactions, initial
and final-state parton showers, fragmentation, multipar-
tonic interactions, color reconnection and decay [30]. We
use 8.235 version of PYTHIA [5], which includes multi-
partonic interaction (MPI). MPI is crucial to explain the
underlying events, multiplicity distributions and charmo-
nia production [31–33]. Also, this version includes color
reconnection which mimics the flow-like effects in pp col-
lisions. It is note worthy that PYTHIA8 does not have in-
built thermalization. However, as discussed in Ref. [34],
the color reconnection (CR) mechanism along with the
multi-partonic interactions (MPI) in PYTHIA8 produces
features those arise from thermalization of a system such
as radial flow and mass dependent rise of mean trans-
verse momentum. In the pQCD-based PYTHIA model,
a single string connecting two partons follows the move-
ment of the partonic endpoints and this movement gives a
common boost to the string fragments, which become the
final state hadrons. CR along with MPI enables two par-
tons from independent hard scatterings to reconnect and
increase the transverse boost. This microscopic treat-
ment of final state particle production is quite similar
to a macroscopic picture via hydrodynamical description
of high-energy collisions. Thus, it is apparent to con-
clude that PYTHIA8 model with MPI and CR, has the
ability to mimic the features of thermalization, which is
confirmed in the flow-like phenomena in small collision
systems [34].
We have generated around 250 million pp collision
events at
√
s = 13 TeV with Monash 2013 Tune
(Tune:14) [35]. We have implemented the inelastic, non-
diffractive component of the total cross-section for all
soft QCD processes using the switch SoftQCD:all=on
and we use MPI based scheme of color reconnection
(ColorReconnection:mode(0)). In our analysis, the min-
imum bias events are those events where no selection
on charged particle multiplicity and spherocity (defined
later) is applied. For the generated events, all the
hadrons are allowed to decay except the ones used in
our study (HadronLevel:Decay = on). In our analysis
the event selection criteria is such that only those events
were chosen which have at-least 5 tracks (charged parti-
cles). The classes based on charged particle multiplicities
(〈dNch/dη〉) have been chosen in the acceptance of V0 de-
tector with pseudorapidity range of V0A (2.8 < η < 5.1)
and V0C (−3.7 < η < −1.7) [36] to match with exper-
imental conditions in ALICE at the LHC. The events
generated using these cuts are divided in ten multiplicity
(V0M) classes, each class containing 10% of total events,
which is tabulated in Table I.
TABLE I: V0M multiplicity classes and the charged particle
multiplicities in each multiplicity class.
V0M class I II III IV V VI VII VIII IX X
〈dNch/dη〉 50-140 42-49 36-41 31-35 27-30 23-26 19-22 15-18 10-14 0-9
Transverse spherocity is defined for an unit vector
nˆ(nT , 0) which minimizes the following quantity [37, 38]:
S0 =
pi2
4
(
Σi |~pTi × nˆ|
Σi pTi
)2
. (12)
The events whether they are isotropic or jetty in trans-
verse plane are coupled to the extreme limits of sphe-
rocity, which varies from 0 to 1. In the spherocity dis-
tribution, the events limiting towards one are isotropic
events while towards zero are jetty ones. The isotropic
events are the consequence of soft processes while the
jetty events are of hard pQCD processes. Schematically,
jetty and isotropic events are shown in Fig. 1. The sphe-
rocity distribution is selected in the pseudorapidity range
of |η| < 0.8 to match the experimental conditions of AL-
ICE at the LHC and all events have minimum constraint
of 5 charged particles with pT> 0.15 GeV/c [39]. In the
spherocity distribution, we consider the jetty events are
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FIG. 2: (Color Online) Heat Capacity (left), heat capacity scaled by average number of particles (middle) and heat capacity
scaled by T 3 of the system (right) obtained using Eq. 9 as a function of average charged particle multiplicity for different event
shapes for identified light flavor particles.
those having 0 ≤ S0 < 0.29 with lowest 20 percent of
total events and the isotropic events are those having
0.64 < S0 ≤ 1 with highest 20 percent of the total events.
With the detailed formalism and analysis methodology,
we now move to discuss the results in the next section.
IV. RESULTS AND DISCUSSION
In a cosmological expansion scenario, the produced
fireball in ultra-relativistic hadronic and nuclear colli-
sions, expands and cools down, leaving with a temper-
ature profile as a function of time. The spacetime evo-
lution of hadronic and heavy-ion collisions at the LHC
energies could be thought of following such a cosmo-
logical expansion. Different identified particles decouple
from the fireball giving the signature of a mass depen-
dent particle freeze-out, because of different interaction
cross sections with the particles in the medium. The
freeze-out temperature in hadronic and heavy-ion colli-
sions should be species dependent. This means hadrons
with smaller cross sections will escape the system ear-
lier than hadrons with larger interaction cross sections.
Hence, each hadron species will measure different freeze-
out temperature of the system analogous to the cosmo-
logical scenario, where different particles go out of equi-
librium at different times during the evolution of the uni-
verse. It is to be noted that this work uses simulated
data from PYTHIA8 which lack thermalisation in true
sense but mimics its features as explained in section III.
Thus, as a consequence, the thermodynamical parame-
ter - temperature used here is not an explicit temper-
ature but a temperature-like parameter. In this work,
we have considered such a scenario and have evaluated
various quantities which are analogous to the thermody-
namic quantities such as the heat capacity, scaled heat
capacity, CSBM and c2s at different decoupling points of
final state particles from the produced fireball.
In such a scenario, let’s now proceed to calculate the
heat capacity, heat capacity scaled by number density
of hadrons (< N > in GeV3 obtained by integrating
Eq. 4 over three momentum) and scaled with T 3 as a
function of charged particle multiplicity and transverse
spherocity for pp collisions at
√
s=13 TeV generated
using PYTHIA8. The temperature parameter, T and
non-extensive parameter, q for different event multiplic-
ity and spherocity classes are extracted by fitting Tsallis
distribution function to pT spectra of identified parti-
cles, which are tabulated in Table II. The pT-spectra and
the reduced-χ2 for different event types and multiplicity
5TABLE II: The extracted Tsallis parameters (T , q) for identified particles in different multiplicity and spherocity classes.
Particles VOM classs
I II III IV V VI VII VIII IX X
pi+ + pi−
T (GeV)
S0-int 0.113 ± 0.003 0.112 ± 0.003 0.113 ± 0.003 0.116 ± 0.004 0.119 ± 0.004 0.122 ± 0.004 0.126 ± 0.004 0.129 ± 0.005 0.133 ± 0.005 0.136 ± 0.005
Jetty 0.112 ± 0.004 0.106 ± 0.004 0.101 ± 0.004 0.100 ± 0.004 0.099 ± 0.001 0.097 ± 0.004 0.096 ± 0.004 0.096 ± 0.004 0.094 ± 0.004 0.092 ± 0.004
Iso 0.136 ± 0.003 0.137 ± 0.003 0.141 ± 0.004 0.144 ± 0.004 0.149 ± 0.004 0.153 ± 0.005 0.156 ± 0.005 0.161 ± 0.006 0.166 ± 0.006 0.167 ± 0.007
q
S0-int 1.150 ± 0.003 1.151 ± 0.003 1.151 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.150 ± 0.003 1.151 ± 0.003 1.153 ± 0.001
Jetty 1.174 ± 0.003 1.181 ± 0.003 1.186 ± 0.003 1.189 ± 0.003 1.193 ± 0.003 1.197 ± 0.004 1.202 ± 0.004 1.1206 ± 0.004 1.121 ± 0.004 1.220 ± 0.004
Iso 1.084 ± 0.003 1.093 ± 0.003 1.097 ± 0.003 1.101 ± 0.003 1.104 ± 0.003 1.107 ± 0.003 1.110 ± 0.003 1.112 ± 0.003 1.113 ± 0.003 1.121 ± 0.004
K+ + K−
T (GeV)
S0-int 0.086 ± 0.006 0.085 ± 0.006 0.088 ± 0.006 0.093 ± 0.006 0.102 ± 0.007 0.108 ± 0.007 0.116 ± 0.007 0.125 ± 0.008 0.132 ± 0.008 0.140 ± 0.009
Jetty 0.087 ± 0.007 0.075 ± 0.008 0.067 ± 0.008 0.063 ± 0.008 0.062 ± 0.008 0.061 ± 0.009 0.0062 ± 0.009 0.060 ± 0.009 0.058 ± 0.009 0.054 ± 0.010
Iso 0.124 ± 0.005 0.125 ± 0.006 0.129 ± 0.006 0.136 ± 0.006 0.150 ± 0.007 0.157 ± 0.007 0.160 ± 0.007 0.170 ± 0.008 0.177 ± 0.009 0.181 ± 0.009
q
S0-int 1.167 ± 0.004 1.169 ± 0.004 1.167 ± 0.004 1.166 ± 0.004 1.162 ± 0.004 1.161 ± 0.004 1.159 ± 0.004 1.156 ± 0.004 1.155 ± 0.005 1.155 ± 0.005
Jetty 1.192 ± 0.005 1.201 ± 0.005 1.208 ± 0.005 1.213 ± 0.006 1.217 ± 0.006 1.220 ± 0.006 1.223 ± 0.006 1.229 ± 0.009 1.234 ± 0.007 1.244 ± 0.007
Iso 1.092 ± 0.004 1.102 ± 0.004 1.107 ± 0.004 1.110 ± 0.004 1.106 ± 0.004 1.108 ± 0.004 1.113 ± 0.004 1.113 ± 0.004 1.114 ± 0.004 1.121 ± 0.004
p + p
T (GeV)
S0-int 0.030 ± 0.010 0.031 ± 0.012 0.038 ± 0.010 0.055 ± 0.011 0.069 ± 0.012 0.083 ± 0.012 0.103 ± 0.013 0.117 ± 0.013 0.139 ± 0.014 0.156 ± 0.014
Jetty 0.045 ± 0.010 0.031 ± 0.007 0.024 ± 0.005 0.028 ± 0.002 0.026 ± 0.002 0.026 ± 0.002 0.030 ± 0.004 0.025 ± 0.003 0.031 ± 0.002 0.021 ± 0.002
Iso 0.099 ± 0.009 0.094 ± 0.009 0.110 ± 0.009 0.123 ± 0.010 0.135 ± 0.011 0.159 ± 0.012 0.173 ± 0.012 0.189 ± 0.013 0.207 ± 0.013 0.223 ± 0.014
q
S0-int 1.170 ± 0.005 1.170 ± 0.006 1.166 ± 0.005 1.159 ± 0.005 1.155 ± 0.006 1.151 ± 0.006 1.144 ± 0.006 1.141 ± 0.006 1.134 ± 0.006 1.132 ± 0.006
Jetty 1.186 ± 0.005 1.194 ± 0.004 1.199 ± 0.002 1.200 ± 0.002 1.205 ± 0.002 1.208 ± 0.002 1.210 ± 0.003 1.218 ± 0.003 1.221 ± 0.003 1.235 ± 0.002
Iso 1.084 ± 0.005 1.098 ± 0.005 1.096 ± 0.005 1.096 ± 0.005 1.097 ± 0.005 1.090 ± 0.005 1.090 ± 0.005 1.090 ± 0.005 1.087 ± 0.005 1.089 ± 0.006
K∗0 + K∗0
T (GeV)
S0-int 0.025 ± 0.002 0.030 ± 0.004 0.040 ± 0.012 0.058 ± 0.012 0.075 ± 0.012 0.092 ± 0.013 0.106 ± 0.013 0.125 ± 0.014 0.143 ± 0.015 0.163 ± 0.015
Jetty 0.019 ± 0.002 0.019 ± 0.002 0.023 ± 0.003 0.031 ± 0.011 0.041 ± 0.011 0.050 ± 0.015 0.057 ± 0.015 0.070 ± 0.016 0.081 ± 0.015 0.087 ± 0.017
Iso 0.027 ± 0.010 0.048 ± 0.012 0.062 ± 0.012 0.075 ± 0.013 0.095 ± 0.013 0.114 ± 0.014 0.125 ± 0.014 0.147 ± 0.014 0.165 ± 0.015 0.183 ± 0.016
q
S0-int 1.192 ± 0.002 1.188 ± 0.002 1.182 ± 0.006 1.175 ± 0.006 1.168 ± 0.006 1.163 ± 0.006 1.160 ± 0.006 1.153 ± 0.007 1.148 ± 0.007 1.144 ± 0.007
Jetty 1.209 ± 0.003 1.205 ± 0.002 1.202 ± 0.003 1.198 ± 0.006 1.194 ± 0.006 1.192 ± 0.008 1.191 ± 0.008 1.187 ± 0.008 1.185 ± 0.008 1.189 ± 0.009
Iso 1.175 ± 0.006 1.166 ± 0.007 1.163 ± 0.007 1.161 ± 0.007 1.154 ± 0.007 1.148 ± 0.007 1.148 ± 0.007 1.140 ± 0.007 1.137 ± 0.007 1.134 ± 0.007
Λ0 + Λ0
T (GeV)
S0-int 0.016 ± 0.001 0.017 ± 0.001 0.021 ± 0.002 0.029 ± 0.004 0.049 ± 0.016 0.072 ± 0.017 0.091 ± 0.019 0.115 ± 0.019 0.143 ± 0.019 0.167 ± 0.020
Jetty 0.016 ± 0.001 0.014 ± 0.001 0.015 ± 0.001 0.017 ± 0.001 0.017 ± 0.001 0.020 ± 0.002 0.027 ± 0.003 0.026 ± 0.005 0.040 ± 0.002 0.053 ± 0.026
Iso 0.030 ± 0.002 0.036 ± 0.002 0.041± 0.003 0.047 ± 0.007 0.059 ± 0.019 0.097 ± 0.020 0.107 ± 0.021 0.152 ± 0.020 0.167 ± 0.020 0.196 ± 0.021
q
S0-int 1.193 ± 0.002 1.192 ± 0.002 1.190 ± 0.002 1.189 ± 0.002 1.191 ± 0.002 1.92 ± 0.002 1.192 ± 0.003 1.197 ± 0.003 1.194 ± 0.003 1.195 ± 0.013
Jetty 1.209 ± 0.003 1.205 ± 0.002 1.202 ± 0.003 1.198 ± 0.006 1.194 ± 0.006 1.192 ± 0.008 1.191 ± 0.008 1.187 ± 0.008 1.185 ± 0.008 1.189 ± 0.009
Iso 1.155 ± 0.002 1.157 ± 0.002 1.157 ± 0.002 1.159 ± 0.004 1.160 ± 0.009 1.144 ± 0.009 1.145 ± 0.009 1.129 ± 0.008 1.128 ± 0.008 1.122 ± 0.008
classes are shown explicitly in Ref.[24]. Using the same
formalism, we estimate the conformal symmetry breaking
measure and squared speed of sound for different parti-
cles as a function of event multiplicity and spherocity.
For these estimations, we use the above discussed Eqs. 7
to 11. As the inputs to these equations, the values of T
and q are extracted after fitting the pT-spectra from sim-
ulated events using Tsallis distribution given by Eq. 4.
It is evident from Ref. [24] that different particles have
different T and q values. Thus, we consider differen-
tial freeze-out scenario. Higher mass particles decouple
from the system early in time indicating a higher Tsal-
lis temperature parameter. These particles are expected
to carry more initial non-equilibrium effects. Particle
species dependent temperature is also an indication of
departure from an equilibrated system, which is usually
described by Boltzmann-Gibbs (BG) statistical distribu-
tion for a high temperature system. The q-value for BG
distribution of an equilibrated system is one and the ob-
servation of q > 1 in high-energy hadronic collisions is an
indication of the created system being away from equilib-
rium. In the present study, we take light flavor identified
particles like pions (pi+ + pi−), kaons (K+ + K−), K∗0
(K∗0 + K∗0), protons (p + p) and Λ0(Λ0 + Λ0), which
have higher abundances in the system.
A. Event shape and multiplicity dependence of
heat capacity (CV )
Heat capacity of a system is the amount of heat en-
ergy required to raise the temperature of the system by
one unit. It can be measured experimentally by mea-
suring the energy supplied to the system and resultant
change in temperature. It gives the measure of how
change in temperature changes the entropy of a system
(∆S =
∫
(CV /T ) dT ). The change in entropy is a good
observable for studying the phase transition. In the con-
text of heavy-ion collisions, it can be connected to the
rapidity (y) distribution (dN/dy ≈ dS/dy). The heat
capacity acts as a bridging observable for experimental
measurement and theoretical models, where change in en-
tropy can be estimated. The heat capacity represents the
ease of randomization for a particular phase of the mat-
ter in opposition to strength of correlation. The scaled
value, CV /〈N〉 remains constant with temperature for an
ideal gas, since the increase of temperature has no effect
on change in interaction strength and its range. The heat
capacity will change with some macroscopic conditions if
that condition causes changes in the strength of correla-
tion and then ease of randomization. So heat capacity is
a good observable to understand how correlation and ran-
domization compete over one another. Thus the study
of variation of heat capacity with multiplicity in pp colli-
sions gives opportunities to have a better understanding
of how the ease of randomization and the strength of cor-
relation change with number of constituents in a QCD
system.
As different event shapes have got different underlying
physical mechanisms, it is worth making a comprehensive
study of some of the important thermodynamic observ-
ables as a function of event topology through particle
spectra in pp collisions using PYTHIA8. Left panel of
Fig. 2 shows the CV of pions, kaons and protons obtained
from Eq. 9 using PYTHIA8 simulated data as a function
of charged particle multiplicity for different spherocity
classes. The lighter mass particles have higher heat ca-
pacity, which can be understood from the fact that the
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FIG. 3: (Color Online) Heat Capacity (left), heat capacity scaled by average number of particles (middle) and heat capacity
scaled by T 3 of the system (right) obtained using Eq. 9 as a function of average charged particle multiplicity for different event
shapes for identified strange particles.
production cross-section decreases as a function of par-
ticle mass. As CV by definition is independent of par-
ticle mass, it is the abundance of a particle species that
decides the above observation. It is also observed that
the trend of CV for isotropic and spherocity integrated
events are similar and they tend to increase as a func-
tion of charged particle multiplicity. At low multiplicity
classes, the trend of CV remain almost similar for differ-
ent spherocity classes. However, the CV for jetty events
are always less than the isotropic and spherocity inte-
grated events for high multiplicity classes. This behavior
goes inline with our general expectation for the following
reasons. It is expected that for the isotropic events, the
number of produced particles would be higher compared
to that of the jetty events. Thus one would need higher
energy to increase one unit of temperature in isotropic
events compared to that of jetty ones. As heat capac-
ity is a measure of the amount of energy/heat required
to increase one unit of temperature of the system, the
isotropic events should have higher heat capacity com-
pared to the jetty ones. As the spherocity integrated
events are the average of both isotropic and jetty events,
the heat capacity remains in between of the isotropic and
jetty events. As, the number of particles seems to play
important role in heat capacity, it is worthwhile to look
at heat capacity scaled with average number of the cor-
responding particles under study, which is shown in the
middle panel of Fig. 2. In this case, we observe com-
pletely opposite behaviour of heat capacity for isotropic
and jetty events. This confirms that the number of parti-
cles in a system is the driving force for the heat capacity.
This behavior is supported by the results of final state
multiplicity driving the particle production at the LHC
energies [40, 41]. However, protons behave differently at
low multiplicity classes. The right panel of Fig. 2 shows
heat capacity scaled with T 3, which makes the quan-
tity dimensionless. The CV /T
3 increases as a function of
charged particle multiplicity for both isotropic and jetty
events but the values are lower for isotropic compared to
jetty events. This suggests that the freeze-out tempera-
ture and average number of particles play significant role
in the values of heat capacity. However, for protons the
CV /T
3 behaves differently compared to pions and kaons.
Let us now focus on the results from strange particles
as it has major significance due to the recent discovery of
strangeness enhancement in small collision systems like
pp and p-Pb collisions [2]. Figure 3 shows CV (left),
CV / < N > (middle) and CV /T
3 (right) of strange par-
ticles such as kaons, K∗0 and Λ0 obtained from Eq. 9
as a function of charged particle multiplicity for different
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FIG. 4: (Color Online) Heat capacity scaled by inertial mass of respective light flavor (left) and strange (right) particles as a
function of event multiplicity and spherocity.
spherocity classes. We have chosen these particles for our
study due to the fact that kaons are the lightest strange
mesons, Λ0 particles are lightest strange baryons and K∗0
are the strange resonances which go through significant
re-scattering processes in hadronic phase of the heavy-
ion collisions [41, 42]. The behaviours of heat capacity
for strange particles are similar to that observed for pi-
ons and protons. However, when they are scaled with
average number of particles or temperature, they show
very different behavior compared to pions. The behavior
of K∗0 and Λ0 are similar to that of protons. It is well
known that, for a system with finite flow would follow a
mass dependent particle production and the thermody-
namic observables would be mass dependent. Keeping
this in mind, one can expect the similar behaviours of
scaled heat capacity with number of particles or temper-
ature for particles with similar masses. As protons, K∗0
and Λ0 have similar masses the behavior of scaled heat
capacity seems to be similar for high multiplicity pp col-
lisions.
The (+p), enthalpy density acts as inertia for change
in velocity for a fluid cell in thermal equilibrium. For
completeness, we have also studied CV scaled by enthalpy
( + p), which acts as a proxy to heat capacity i.e, CV
per unit mass. The specific heat for different spherocity
classes as a function of multiplicity for identified stable
(left panel) and strange particles (right panel) are shown
in Fig 4. The specific heat seems to have opposite trend
to that of heat capacity for all the particles. Also, there
is no significant differences of specific heat for different
particles as a function of multiplicity and spherocity.
B. Event shape and multiplicity dependence of
CSBM, speed of sound
Speed of sound in a system reveals about the strength
of interactions of the constituents of a medium. A com-
parison with the standard massless ideal gas value would
give a hint about the system dynamics. The effective
mass of the constituents can change in the presence of
interaction and correlation, which changes the speed of
sound in a medium. The measure of deviation from mass-
lessness of the constituents is captured by CSBM (how
particle mass and temperature contributes to CSBM for
non-interacting (ideal gas) system is discussed in Ref.
[20, 43]. For massless particles, c2s = 1/3. However for
massive particles, it is less than this value. This is be-
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FIG. 5: (Color Online) CSBM (trace anomaly) for identified light (left) and strange (right) hadrons as a function of event
multiplicity and spherocity.
cause, massive particles do not contribute to the pressure
as much as they contribute to the energy of a system. It is
expected that the variation of these quantities with event
multiplicity will capture the change in effective interac-
tion among the constituents with increase in number of
constituents. It becomes important to study these quan-
tities as a function of event topology, as topology is a
consequence of the underlying particle production mech-
anism.
Therefore, we have also studied the conformal sym-
metry breaking measure (CSBM) and squared speed of
sound (c2s) as a function of multiplicity and spherocity
for identified particles in pp collisions, which can be ob-
tained using equations Eq. 10, 11. Figure 5 shows CSBM
( −3PT 4 ) of identified stable (left panel) and strange (right
panel) particles using T and q obtained from PYTHIA8
as a function of charged particle multiplicity for differ-
ent spherocity classes. CSBM is also called as the trace
anomaly. It is observed that the trace anomaly increases
with increase of mass. For spherocity integrated events,
the trace anomaly remains almost flat as a function of
multiplicity for pions and kaons while it increases for
heavier mass particles like protons, K∗0 and Λ0 parti-
cles. For pions and kaons the CSBM is higher for jetty
events compared to isotropic events throughout all the
charged particle multiplicity classes. However, for other
heavier particles CSBM seems to be similar for different
spherocity classes in high multiplicity pp collisions.
Figure 6 shows the squared speed of sound, c2s of iden-
tified stable (left panel) and strange (right panel) parti-
cles using T and q obtained from PYTHIA8 as a func-
tion of charged particle multiplicity and spherocity. The
c2s seems to be mass dependent and decreases with in-
crease in particle mass. Contrary to the other observ-
ables, the trend of c2s for different spherocity classes as
a function of multiplicity for all the particles are simi-
lar and seems to approach the Stefan-Boltzmann limit of
1/3, asymptotically. This behavior is consistent with our
earlier work [20].
For all the above discussed thermodynamic observ-
ables, a common feature appears, which is the thresh-
old in final state event multiplicity. The system be-
havior changes after the final state event multiplicity,
〈dNch/dη〉 ' (10 − 20). This is a confirmatory observa-
tion as a threshold final state event multiplicity in high-
multiplicity pp collisions. This goes inline with many
9such earlier observations of a threshold in final state
event multiplicity after which MPI shows substantial ac-
tivity and explains charmonia production [31], thermo-
dynamic limit of all the statistical ensembles showing
similar freeze-out properties [44] and the saturation of
non-extensive thermodynamical parameters [45]. Fur-
ther it should be noted here, that as an emerging area
of final state multiplicity driving the multiparticle pro-
duction processes in hadronic and nuclear collisions at
the LHC energies, although systematic study taking the
final state multiplicity becomes evident, so far the ther-
modynamics of the system is concerned, the physical in-
terpretation of observables for smaller number density
should be taken with caution. We strongly believe, the
present work along with many others in the direction of
event topology dependent studies at the LHC energies
are a way forward in understanding the heavy-ion-like
features in high-multiplicity pp collisions and a possible
formation of QGP-droplets [27, 28]. These aspects should
have an experimental exploration, once the correspond-
ing data become available. This study, thus paves a way
to understand the high-multiplicity pp collisions at the
LHC energies.
V. SUMMARY
In this work, we have made an attempt to study event
topology and event multiplicity dependence of some of
the important thermodynamics variables in pp collisions
at
√
s = 13 TeV in view of the heavy-ion-like features
observed in high-multiplicity events. In the absence of
transverse spherocity analysis in experimental data, we
have used pQCD inspired PYTHIA8 event generator to
have simulated pp collision data at
√
s = 13 TeV. As the
production dynamics of hard QCD and soft processes
contribute differently to the event structures, we have
used transverse spherocity as an event topology analy-
sis tool to separate jetty and isotropic events, and then
study some of the important thermodynamic observables.
It is quite evident from the above observations that the
results for spherocity integrated events fall in between of
isotropic and jetty events. This suggests that the sphe-
rocity plays a significant role of separating events based
on their geometrical shapes. This also indicates that
studying all the events without looking at the geomet-
rical shape of the events might not contain the entire
information about the possible flow-like medium and/or
jets. Also, one can notice from all the results that there
is a threshold number of charged particles after which
the behavior of the observables changes significantly in
isotropic, jetty and spherocity integrated events. This
threshold is found to be 〈dNch/dη〉 ' (10-20), and be-
comes an important and confirmatory finding over ear-
lier such observations. We believe such a study based on
pQCD inspired PYTHIA8 event generator using event
topology and multiplicity becomes an important effort in
exploring the production dynamics of high-multiplicity
pp collisions.
Further to support this observation of event multiplic-
ity threshold, 〈dNch/dη〉 ' (10-20), in a parallel work
by one of us [46], in a color string percolation scenario
using the experimental particle spectra in hadronic and
nuclear collisions at various LHC energies the following
observations are made. For event multiplicity 〈dNch/dη〉
& 20, it is observed that the required critical initial en-
ergy density (c ∼ 1 GeV/fm3) and the critical decon-
finement/hadronization temperature (Tc ∼ 167.7 ± 2.8
MeV) are achieved. In addition, the shear viscosity to en-
tropy ratio (η/s) studied as a function of event multiplic-
ity shows comparable values of η/s in high-multiplicity
pp events [46, 47] and heavy-ion collisions, revealing the
formation of a strongly coupled QGP in collisions for
which the event multiplicity is 〈dNch/dη〉 & 20. These
observations have profound implications in the search for
QGP-droplets in high-multiplicity pp collisions and char-
acterization of the produced system.
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